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Abstract
The invasive red lionfish, Pterois volitans, has been shown to considerably reduce reef
biomass via predation and competition in non-native ranges. Primary maintenance of lionfish is
through human removal (e.g., culling), which does not sufficiently control the population due to
deep-water spawning, recolonization of recently culled reefs, and ontogenetic migrations to
mesophotic waters. Here, I investigated the diets and primary energy pathways during ontogeny
in lionfish from the Florida Keys using stomach contents and stable isotope (δ13C and δ15N)
analysis to better understand their role in the trophic food web. Additionally, isotopic overlap
between lionfish and native reef predators was examined to assess shared energy resource use
that could be indicative of competition. Lionfish (n=48) and other community representatives
were collected from a mosaic of habitats in the Florida Keys (i.e., mangroves, seagrass beds, and
coral reefs) in August 2020. Findings revealed lionfish on deep (60 – 90 ft) reefs utilize a wider
variety of basal carbon sources compared to lionfish on intermediate (40 – 50 ft) and shallow
reefs (20 – 25 ft). Furthermore, using length as a proxy for age, stable isotope analysis did not
indicate ontogenetic migrations of lionfish between shallow water habitats in the Florida Keys.
Bayesian mixing models predicted reef POM to be the greatest primary production source
contributor to lionfish and reef fish primary energy pathways, and a high degree of resource use
overlap between lionfish and native reef fish was seen. This extensive isotopic overlap among
lionfish and native reef fish indicated that the extent of shared resource use may be
underestimated. The additional knowledge gained in this study on lionfish habitat use and
population dynamics illuminates their role in shallow water ecosystems while introducing the
need to regionally assess lionfish primary energy pathways and shared resource use in order to
fully understand the role of lionfish in each local food web.
iv

Introduction
Invasive species are known to have drastic biological, economical, and social impacts, but
the aftereffects experienced by native species remains unclear (Bax et al. 2003, Kalogirou 2007).
Of these impacts, the threat to local biodiversity is a leading concern (Bax et al. 2003, Green and
Côté 2009). The invasive red lionfish, Pterois volitans, has made itself a part of the Florida Keys
ecosystem since its introduction via aquarium trade in the 1980’s (Morris and Whitfield 2009,
Côté et al. 2013a). Their population has continued to spread throughout the Atlantic and Gulf
Coast over time, largely due to an absence of natural predators combined with their generalist
feeding behavior, venomous spines, and high fecundity (Albins and Hixon 2008, Morris and
Akins 2009, Valdez-Moreno et al. 2012, Albins and Hixon 2013, Côté et al. 2013a). Lionfish can
considerably reduce reef fish density by means of predation and competition with native species
(Albins and Hixon 2008, Côté et al. 2013a). Prey naiveté, or the lack of native species displaying
avoidance behavior to an introduced predator, may be a contributing factor to the success of
lionfish (Albins and Hixon 2008, Black et al. 2014, Anton et al. 2016). Although lionfish most
notably reduce prey biomass via predation, recent findings suggest resource competition with
native predators may be an additional concern (Eddy et al. 2020, Murillo-Pérez et al. 2021). If
lionfish are feeding at similar trophic positions as native predators, it could ultimately trigger a
decline in the abundance of these commercially important fish species, which further emphasizes
the importance of improving lionfish management strategies (Murillo-Pérez et al. 2021). For this
reason, shared resource use between lionfish and native reef fish species was looked at in order
to assess any potential competitive interactions.
Primary control of the growing lionfish population is through culling events; few predation
events by large grouper species along with some cannibalistic incidents have also been
1

documented (Maljkovic 2008, Albins and Hixon 2008, Côté et al. 2013a, Côté et al. 2014).
Culling as a sole management method is not sufficiently controlling the population, partly due to
spawning occurring at depths beyond recreational diving limits and recolonization efforts
following culling events (Léon et al. 2013, Chagaris et al. 2017, Kitchens et al. 2017, HarmsTuoy et al. 2018). A study by Côté et al. (2014) found that lionfish previously targeted by
spearfish removals exhibited avoidance behaviors making them more difficult to subdue,
supporting the ineffectiveness of culling alone. Furthermore, as lionfish increase in size, they
show greater recruitment rates towards deeper reefs that are unfishable by divers in some
locations. This potential ontogenetic shift in habitat depth and preference occurs as the lionfish
mature, thereby counteracting many of the culling efforts happening regionally (Barbour et al.
2011, Léon et al. 2013). To improve control efforts on the lionfish population and diminish their
impact on native species, a better understanding of their role in community interactions via
investigation of their primary energy pathway and any existing ontogenetic shifts is needed.
The Florida Keys, characterized by coral reefs and surrounding seagrass beds, are home to
common coastal primary producers such as algae, seagrass blades, mangrove leaves, and
phytoplankton (Behringer and Butler 2006). Lionfish and other reef fish species feed across
numerous trophic levels, making it unclear as to which primary producer plays the most
significant role in the diet of lionfish, or that of their prey (Nagelkerken et al. 2008, Morris and
Akins 2009, Green et al. 2011, Dinh et al. 2017). These two habitats (seagrass beds and coral
reefs) are interlinked in terms of food web dynamics, largely due to the migratory patterns of fish
species (Nagelkerken et al. 2008). In addition to ontogenetic migrations, fish and crustaceans
migrate between the two habitats daily, with the tide, or for shelter, feeding, or spawning
purposes (Helfman et al. 1982, Nagelkerken et al. 2008). Therefore, utilizing various reef fish
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and invertebrate species as a proxy for energy transfer in these habitats can be an effective way
to illuminate the role of invasive lionfish in the Florida Keys’ ecosystem, and identify ways
lionfish might impact the Key’s food web.
To fully recognize the proportional contribution of different sources to the main energy
pathway of lionfish, certain life history traits must be understood. A contributing characteristic to
the success of lionfish as an invasive species is their high fecundity. Lionfish have the ability to
spawn year round (every 4 days) and release up to 40,000 eggs in one spawning event, or two
million eggs annually (Morris 2009, Côté et al. 2013b, Kitchens et al. 2017). These eggs are
transported by currents to a widespread range of habitats where the pelagic dispersal of
embryonic and larval stages generally lasts 26 days before settlement (Morris et al. 2009,
Ahrenholz and Morris 2010, Andradi-Brown et al. 2017, Kitchens et al. 2017). Lionfish
migration to shallow reef habitats (0 – 30 m) has been observed with age, an ontogenetic shift
commonly seen in many reef fish species (Nagelkerken et al. 2008, Claydon et al. 2012). Some
studies suggest that this shift persists via colonization of deep reefs (30+ m) as lionfish continue
to grow (Claydon et al. 2012, Andradi-Brown et al. 2017). Although there are no studies that
focus on lionfish ontogenetic shifts to deep reefs, their presence has been documented on reefs
ranging from 0-300 m (Chagaris et al. 2017). More research is required to see if migrations to
deep reefs continue with age; however, this study will focus primarily on shallow reefs and their
surrounding nursery habitats. If lionfish are exhibiting ontogenetic shifts, removal efforts can
focus on these shallow nursery habitats to help diminish the lionfish population before they reach
spawning age or migrate beyond recreational diving depths.
Ontogenetic diet shifts are commonly seen in piscivores and must be considered when
looking at energy transfer in a food web (Muñoz et al. 2011). In the Atlantic, lionfish feed on a
3

variety of reef fish and invertebrate species (Morris and Akins 2009, Albins and Hixon 2013,
Faletti and Ellis 2013). Common reef fish species include wrasses, grunts, sea basses, gobies,
and damselfish (Muñoz et al. 2011, Côté et al. 2013a, Faletti and Ellis 2013, Chagaris et al.
2017). Top invertebrate species previously found in the lionfish diet include shrimp, crabs,
bivalves, gastropods, brittle stars, and polychaetes (Faletti and Ellis 2013, Chagaris et al. 2017).
Lionfish prey largely depends on availability, as they are generalists and capitalize on prey with
the smallest cost to benefit ratio (Albins and Hixon 2008, Morris and Akins 2009, Muñoz et al.
2011, Albins and Hixon 2013, Côté et al. 2013a). Previous diet studies have suggested lionfish
show a greater preference for reef fish species as they age (Peake et al. 2018). One hypothesis for
this trend is that juvenile lionfish are generally associated with fringing seagrass beds where
shrimp and crabs are more common than reef fish, while adult lionfish migrate to coral reefs
where reef fish are plentiful (Nagelkerken et al. 2008, Claydon et al. 2012). Examining diet shifts
with lionfish size can elucidate how shallow water habitats (i.e., mangroves, seagrass beds,
shallow coral reefs) are contributing to basal carbon transfer.
Previous diet studies have been conducted on lionfish using a combination of stomach
content and stable isotope analyses to understand prey richness and the ecological impact
lionfish have on different communities (Muñoz 2011, Côté et al. 2013a, Faletti and Ellis 2013).
Utilizing these complementary parameters on lionfish of varying sizes will show the primary
constituents of their diets in the Keys and their respective role in the carbon transfer between
habitats. Gut content analysis alone is useful in showing the most recent prey items of a given
organism but is limited to a few hours post-consumption as rapid digestion rates result in a short
turnover of stomach contents (Cocheret de la Morinière et al. 2003, Côté et al. 2013a). For this
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reason, many diet studies have a large portion of unidentified prey items (Morris and Akins
2009, Muñoz et al. 2011, Faletti and Ellis 2013, Dahl and Patterson 2014).
Stable isotope analysis of carbon (δ13C) and nitrogen (δ15N) can be incorporated to observe
the effects of ontogenetic diet shifts on community interactions as isotopic signatures in an
organism reflect its diet over a much longer time period (weeks to months) than gut content
analysis (Hobson 1999, Hammerschlag-Peyer et al. 2011). First, δ13C values are used to track
basal carbon values since carbon transport is vital in identifying the main source of primary
productivity for individual organisms (Behringer and Butler 2006). Similar δ13C values between
predator and prey indicates shared niche space and primary productivity sources, both of which
are important when examining the interconnectedness of organisms in a food web (Behringer
and Butler 2006, Abeels et al. 2012). In addition to δ13C, δ15N values are used to show the food
web’s trophic structure as an organism’s trophic position increases in conjunction with their δ15N
value (Wada et al. 1991, Behringer and Butler 2006, Abeels et al. 2012, Layman et al. 2011).
Stable isotope values are variable depending on seasonality, nutrient availability, and light
intensity (Anderson and Fourqurean 2003). Therefore, baseline isotopic values should be
collected to better define trophic relationships within and between consumers (Anderson and
Fourqurean 2003). Gaining insight on the primary energy sources of lionfish and their common
prey items through stomach content and stable isotope analyses will help to better understand
their role in basal carbon transfer in the Florida Keys ecosystem, and any ontogenetic shifts seen
can be used to improve management efforts by identifying critical habitat used by this invasive
species.
The primary objectives of this study are to (1) Investigate the primary energy pathways of
lionfish and identify if size impacts isotopic composition; (2) find if lionfish exhibit ontogenetic
5

reef recruitment via stomach content and stable isotope analyses; and (3) examine isotopic
overlap between lionfish and native reef predators to assess shared resource use that could
indicate competition. It is expected that basal carbon and nitrogen sources will vary with lionfish
length and larger lionfish will feed at a higher trophic level than smaller lionfish; therefore, there
will be an alteration in primary energy pathways. In addition, it is anticipated for lionfish to
exhibit ontogenetic reef recruitment seen via diet shifts between reef depths and changes in their
isotopic composition with size. Finally, it is hypothesized that there will be a degree of overlap in
the isotopic niche space of lionfish and native predators.
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Methods
I. Field Collection
Organisms from varying trophic levels were collected from mangroves, seagrass beds, and
coral reefs (shallow, 20 – 25 ft; intermediate, 40 – 50 ft; and deep, 60 – 90 ft) surrounding
Summerland Key over a two-week time period in August 2020 (Figure 1). Live specimens were
euthanized following the AFS guidelines using MS-222. All samples were stored on ice
following collection and transported to Mote Marine Laboratory, where they were subsequently
vacuum sealed and kept in a -4ºC freezer until later transport to the Marine Community Ecology
Lab at Louisiana State University.

Figure 1. Study locations off of Summerland Key. Mangroves (yellow), seagrass bed (orange), shallow reef
(magenta; 20-25 ft), intermediate reef (green; 40-50 ft), and deep reef (indigo; 60-90 ft).

Consumers. Lionfish (n=48) were collected using pole spears and hand collection nets from
shallow, intermediate, and deep coral reefs (Morris and Akins, 2019). Reef fish species (i.e.,
Halichoeres poeyi, Stegastes variabilis, Stegastes partitus, Cephalopholis cruentata, Chaetodon
capistratus, Chaetodon striatus, Thalassoma bifasciatum, and Canthigaster rostrata) were
7

targeted by one of two methods: fish traps or hook and line (n=32). Fish traps were the preferred
collection method as they exhibit lower bycatch mortality (Bacheler et al., 2017). Three
rectangular fish traps (18 x 12 x 8 in.) consisting of a wire framework that includes one funnelshaped entrance and a side-loading door to bait the trap and remove captured organisms were
used (Bosch et al., 2017). An inner funnel size of 2 x 1.5 in. was used to select against larger fish
species, while a mesh size of ½ in. was used to account for catch size decreasing as mesh size
increases (King 1984, Bohnsack et al. 1989). Additionally, three cylindrical traps (16.5 x 6 in)
with 1 in. diameter funnels were used to select for small fish species. All six traps baited with
shrimp and squid were deployed along the intermediate reef site at least 5 m apart. Soak length
was approximately one hour depending on dive time(s). To select for target fish species not
caught in traps, a small hook baited with squid was used. Following collection, all fish were
weighed (g) and measured (mm).
Primary consumers. Bivalves (e.g., mussels, Modiolus americanus, Bivalvia), crustaceans
(e.g., hermit crabs, Paguroidea; arrow crabs, Stenorhynchus seticornis), and echinoderms (e.g.,
sea urchin, Lytechinus variegatus) were hand-collected (n=32) in each habitat (reef, mangrove,
and seagrass beds) based on availability (Morris and Akins, 2019; Muñoz et al., 2011; Valentine
et al., 2008). Sponges (e.g., Demospongiae, Calcarea) were hand collected as an additional
primary consumer from the reef habitat based on availability.
Primary producers. Individual blades of seagrass (e.g., Thalassia testudinum) were cut at the
base, calcifying algae (e.g., red algae, Corallinales) and mangrove leaves (e.g., Rhizophora
mangle) were hand collected, and other algal species (e.g., Halimeda copiosa, Phaeophyceae,
Chlorophyceae) were scraped from the substrate (Behringer and Butler 2006). Surface water was
collected from reef and mangrove sites in acid-washed Nalgene bottles to filter and process for
8

suspended particulate organic matter (POM) (Abeels et al. 2012). Upon collection, water was
pre-filtered with a 210 µm screen to eliminate zooplankton (Behringer and Butler 2006). Finally,
sediment organic matter (SOM) samples were taken from the sediment surface in all habitats and
stored in plastic containers (Riera et al. 1999). Additional sediment samples were collected to
later extract benthic microalgae (BMA).

II. Gut Content Processing
Lionfish. Specimen were set out until fully thawed. Each fish was placed on a dissection tray
where sex was obtained, and stomach subsequently removed. An overall stomach weight was
taken prior to dissection. All stomach content prey items were weighed to the nearest 1 mg and
identified (either macroscopically or microscopically) to the lowest taxonomic level attainable.
Between each sample, dissection tray and tools (scalpel, forceps) were sterilized using 95%
reagent alcohol and rinsed with DI water.

III. Stable Isotope Sample Preparation
White muscle tissue (1 cm3) was taken from the upper dorsal area of each fish species
(lionfish, reef fish) once thawed. Muscle tissue in fish species has been documented to have a
half-life of 49 – 173 days; this slow turnover rate makes muscle an ideal tracer of stable isotopes
(Nagelkerken et al. 2008, Malpica-Cruz et al. 2019). A tissue portion was also extracted from
each invertebrate specimen. Invertebrates without a sizeable amount of tissue (e.g., arrow crabs)
were ground whole. All tissue samples were stored in a 1.5 mL microcentrifuge tube, placed in a
Labconco FreeZone 2.5 freeze dryer for 24-48 hours until all moisture was removed, and then
9

homogenized with a mortar and pestle. The mortar and pestle was rinsed with 95% reagent
alcohol and dried with a Kimwipe between each sample.
Water samples (POM) were vacuum filtered onto a 47 mm GF/F precombusted filter (Abeels
et al. 2012). Filters were placed in a Thermo-Scientific Heratherm oven, dried at 50ºC for 24
hours, and contents were scraped into a 5x9 mm tin capsule. Seagrass samples were scraped to
remove any epiphytic algae; all scraped material was used for analysis. Primary producer
samples (e.g., seagrass, epiphytes, algae, mangrove leaves, SOM) were oven-dried at 60ºC for
24-48 hours until dry and homogenized with a mortar and pestle. BMA was extracted from
additional sediment samples following Levin and Currin (2012). After freeze-drying, 15mL of
sediment was placed in a 50mL centrifuge tube, rinsed with 15mL of DI water, and mixed with
20mL of Ludox (Levin and Currin 2012). Then, each sample was centrifuged and the layer of
microalgae at the top (if present) was filtered onto a 47 mm GF/F precombusted filter. This
process was repeated until each filter was full. BMA filters were oven-dried at 50ºC for 24 hours
and contents were scraped into a 5x9 mm tin capsule.
All samples were weighed along with the standard reference materials (sorghum flour, wheat
flour, glutamic acid [USGS 40 & 41]) into a 5x9 mm tin capsules. A Red Drum (Sciaenops
ocellatus) muscle tissue internal standard was also used for quality control. Samples were
analyzed for δ13C and δ15N values using a Costech ECS 4010 elemental analyzer interfaced with
a Thermo Scientific Delta XP continuous flow isotope ratio mass spectrometer (EA-IRMS).
Stable isotope values are expressed in the δ notation (‰) following the formula:
δX = [(Rsample/Rstandard) – 1] x 1000
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where δX is either δ13C or δ15N, Rsample is the ratio of 13C/12C or 15N/14N, and Rstandard is the ratio
of the reference material. References materials used were Vienna Pee Dee Belemnite (VPDB) for
δ13C and atmospheric N2 gas for δ15N. A Red Drum (Sciaenops ocellatus) internal standard was
also used for quality control. Sample precision based on repeated reference materials and internal
standards was ±0.1‰ for δ13C, and ±0.2‰ for δ15N, respectively.
After the initial run, samples with high C:N ratios (i.e., arrow crabs, coralline algae, POM,
SOM, BMA) were acidified to correct for the potential effects of inorganic carbon (i.e., calcium
carbonate) on δ13C values. Each sample was weighed to its respective amount into a silver
capsule and 10% HCl was added in 6µL increments until bubbling ceased (Jacob et al. 2005).
After acidifying, samples were placed in the oven at 60ºC for 24 hours, folded in a tin capsule,
and analyzed for δ13C only following previous methods. Due to the incomplete acidification of
mangrove POM, SOM, and BMA samples, a mathematical correction equation was obtained for
each sample type following a modification of normalization approach detailed by Post et al.
(2007). The normalization equation was obtained from the relationship between C:N ratio and
Δδ13C, where the C:N ratio was acquired from the mass of each untreated sample and Δδ13C was
calculated as: Δδ13C = δ13Cacidified - δ13Cuntreated. δ13Cacidified values for POM, SOM, and BMA were
from past studies in the Florida Keys (Lamb and Swart 2008, Behringer and Butler 2006, and
Vaslet et al. 2012, respectively). I used untreated δ15N values and acid-treated and/or normalized
δ13C for all subsequent statistical analysis of these calcareous sample types (i.e., arrow crabs,
coralline algae, POM, SOM, BMA).
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IV. Statistical Analysis
A percent index of relative importance (%IRI) was used to quantify the significance of
various prey items at different depths (Morris and Akins 2009, Peake et al. 2018). The equations
used to obtain %IRI were:
IRI = %O (%W + %N)
%IRI = (IRI / Σ IRI) * 100
where %O is the percent frequency of occurrence and %W and %N are the percent composition
of stomach contents by weight and number respectively (Pinkas et al. 1971). Empty stomachs
were excluded from this analysis.
Niche metrics (95% standard ellipse area (SEA), niche overlap) were calculated for lionfish
across depth classes and potential competitors by plotting isotopic space (y-axis: δ15N; x-axis:
δ13C) using the Stable Isotope Bayesian Ellipses in R (SIBER) package in R statistical program
(Jackson et al. 2011, R Core Team 2020). Isotopic niche space was compared for all food web
samples using mean (±SD) isotope values. A multivariate analysis of variance (MANOVA) was
used compare δ13C and δ15N across lionfish total length, weight, and depth. Linear regressions
were used to examine the effects of δ13C and δ15N on length and weight. An analysis of variance
(ANOVA) was used on δ13C and δ15N against depth; Tukey’s HSD post-hoc tests were
conducted on any significant findings. Two-way ANOVAs were used to test for interactive
effects between variables (length, weight, depth). Non-parametric tests (Kruskal-Wallis H-test,
Dunn’s t-test) were used to examine differences in δ13C and δ15N between lionfish and potential
competitors.
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Trophic positions (TP) for lionfish and reef fish were estimated as follows:
TP = λ + (δ15Nconsumer - δ15Nbase) / Δn
where λ is the trophic position of the primary producer used as δ15Nbase, δ15Nconsumer is the δ15N
value for the consumer species being examined, and Δn is the trophic discrimination factor
(TDF), or the enrichment of δ15N expected to be seen between trophic levels (Post 2002). Each
primary producer was used to estimate δ15Nbase for lionfish and reef fish. Initially, all primary
producers collected were used to estimate a range of trophic positions. A lionfish-specific TDF
from Eddy (2019) was used to estimate lionfish TP and multi-species average TDF from
McCutchan et al. (2003) was used to compare lionfish TPs and for the remaining reef fish
species. Niche metrics (95% SEA, niche overlap) for reef fish at similar trophic positions to
lionfish were compared using SIBER to assess trophic overlap and the proportion of reef fish
niche space occupied by lionfish niche space (Jackson et al. 2011, R Core Team 2020).
A Bayesian mixing model (MixSIAR package in R) was used to determine the proportional
contribution of each source to lionfish energy pathways at each depth (Hopkins III and Ferguson
2012, Stock & Semmens 2016). Mixing polygons were created using a Monte Carlo simulation
to first ensure all consumer data fell within a 95% mixing region and validate each source and
TDF being incorporated (Smith et al. 2013). Source isotope data from four primary producers
(reef POM, macroalgae, coralline algae, and seagrass blades) were used in this model. No
mangrove sources were included due to the mangrove site not being in close proximity to
lionfish sampling locations, and BMA was excluded as a source due to minimal organic matter
being seen during extraction. Since SOM is characterized as a mixture of different sources
including other producers that were collected (i.e., seagrass, macroalgae, POM), it was excluded
from the final model as well. Seagrass epiphytes and reef algae species were grouped as
13

macroalgae due to their similarities in isotopic signatures. The best fit TDFs incorporated into
the model were obtained from McCutchan et al. (2003), where Δδ13C (±SD) was estimated as 0.4
± 1.2‰ and Δδ15N was 2.3 ± 1.6‰; these TDFs were then multiplied by lionfish trophic position
estimate (TP = 3.8) from Hornbeck (2017) to correct isotope values (Phillips et al. 2014).
Gelman and Geweke diagnostics were used to show model convergence (Cook et al. 2006).
Additional Bayesian mixing models were used to assess any overlap in resource use between
lionfish and three reef fish with similar isotopic signatures (cocoa damselfish, butterflyfish, and
graysby). Reef fish trophic positions were estimated using the best fit data from Hornbeck (2017)
and FishBase to correct isotope values, and the same TDFs from McCutchan et al. (2003) were
incorporated into each model (Phillips et al. 2014).
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Results
Stomach Content Analysis
A total of 48 lionfish were captured from three depths (shallow n=10, intermediate n=17,
and deep n=21) in coral reef habitats surrounding Summerland Key in the Florida Keys. Lionfish
total lengths ranged from 82 – 350 mm and did not significantly differ across depth (ANOVA, p
= 0.056), while weight (4.3 – 711.1 g) was shown to significantly increase with depth (ANOVA,
p < 0.05; Figure 2).

Figure 2. Lionfish weight significantly increased with depth (ANOVA).

During stomach content analysis, 15 stomachs were found to be empty while 33 stomachs
contained at least one prey item to be used for statistical analyses. A review of prey families
found can be seen in Figure 3 and Table 1. Overall, unidentified fish and the family Gobiidae
contributed the most to lionfish diets (56.4 and 40.1 %IRI respectively), along with Decapoda
(unidentified shrimp, 2.8 %IRI). Diets of lionfish on shallow reefs were largely constituted by
15

Table 1. %IRI metrics for lionfish overall and across three depth classes, where %O is the percent frequency of
occurrence and %W and %N are the percent composition of stomach contents by weight and number respectively.

Total (n=33)
Unid. Crustacean
Unid. Shrimp
Unid. Crab
Unid. Teleost
Squid
Unid. Gastropod
Portunidae
Gobiidae
Alpheidae
Unid. Material
Apogonidae
Blenniidae
Shallow (n=10)
Unid. Shrimp
Unid. Teleost
Gobiidae
Unid. Material
Apogonidae
Blenniidae
Intermediate (n=7)
Unid. Crustacean
Unid. Shrimp
Unid. Crab
Unid. Teleost
Squid
Unid. Gastropod
Portunidae
Gobiidae
Alpheidae
Deep (n=16)
Unid. Crustacean
Unid. Shrimp
Unid. Teleost
Squid
Unid. Gastropod
Gobiidae
Alpheidae
Unid. Material

%N

%W

%O

%IRI

2.76
11.03
0.69
28.97
1.38
2.07
0.69
47.59
2.07
1.38
0.69
0.69

0.01
1.97
0.43
58.82
0.31
0.03
0.49
34.54
0.19
0.03
1.70
1.48

6.06
21.21
3.03
63.64
6.06
6.06
3.03
48.48
9.09
6.06
3.03
3.03

0.17
2.78
0.03
56.24
0.10
0.13
0.04
40.08
0.21
0.09
0.07
0.07

16.67
13.33
65.00
1.67
1.67
1.67

4.28
1.67
83.03
0.02
5.89
5.12

30.00
30.00
80.00
10.00
10.00
10.00

4.80
3.44
90.53
0.13
0.58
0.52

3.57
10.71
3.57
57.14
3.57
7.14
3.57
7.14
3.57

0.01
2.03
3.65
87.73
0.00
0.27
4.13
1.57
0.60

14.29
28.57
14.29
71.43
14.29
14.29
14.29
14.29
14.29

0.45
3.22
0.91
91.43
0.45
0.94
0.97
1.10
0.53

5.26
5.26
31.58
1.75
1.75
49.12
3.51
1.75

0.02
0.84
80.84
0.52
0.00
17.55
0.19
0.04

6.25
12.50
81.25
6.25
6.25
43.75
12.50
6.25

0.27
0.62
74.61
0.12
0.09
23.82
0.38
0.09
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Gobiidae (90.5 %IRI) followed by Decapoda (unidentified shrimp, 4.8 %IRI) and unidentified
fish (3.4 %IRI). In contrast, unidentified fish were the greatest contributors to intermediate and
deep reef habitats (91.4 and 74.6 %IRI respectively); other prominent prey taxa were Decapoda
(unidentified shrimp, 3.22 %IRI) and Gobiidae (1.1 %IRI) in the intermediate class and Gobiidae
(23.8% IRI) in the deep class. Additional families that contributed less than 1% to the lionfish
diet were Alpheidae, Apogonidae, Blenniidae, Portunidae, along with unidentified squid, crabs,
and gastropods.

Figure 3. The %IRI of prey families found during stomach content analysis for all lionfish and lionfish separated
into three reef depth classes.

Lionfish Stable Isotope Analysis
The mean δ13C value (± SD) across each habitat for lionfish was -14.5 ± 1‰ and ranged
from -16.3 to -12.4‰, while the mean the δ15N (± SD) was 9.1 ± 0.4‰ and ranged from 8.3 to
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9.8‰. Lionfish on shallow reefs had higher average δ13C values (-12.9 ± 0.5‰) compared to
those on intermediate (-14.7 ± 0.6‰) and deep reefs (-15.1 ± 0.6‰; Figure 4), and student’s ttests found all mean δ13C values to be statistically different (p < 0.05). All δ15N values were
similar across reef depth, with intermediate lionfish (9.2 ± 0.4‰) having slightly higher values
than those on deep (9.1 ± 0.4‰) and shallow reefs (9.1 ± 0.4‰; Figure 4). Lionfish niche

Figure 4. Lionfish average δ13C and δ15N values (± SD) from three reef depths. Lionfish from shallow reefs (2025ft) are shown in magenta, intermediate reefs (40-50ft) in green, and deep reefs (60-90ft) in indigo.

metrics (95% SEA, niche overlap; SIBER) were examined across depth, where lionfish from
deep reefs had the greatest ellipse area, followed by shallow and intermediate lionfish (Figure 5,
Table 3). The greatest niche overlap was observed between intermediate and deep lionfish, with
the least amount of overlap seen between shallow and intermediate lionfish (Figure 5, Table 2).
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Figure 5. Lionfish 95% standard ellipse area across three reef depths found using SIBER in R. Lionfish from
shallow reefs (20-25 ft) are shown in magenta, intermediate reefs (40-50 ft) in green, and deep reefs (60-90 ft) in
indigo.

Table 2. Lionfish niche overlap between three depths found using SIBER in R.

Lionfish (Shallow Reef)
Lionfish (Intermediate Reef)
Lionfish (Deep Reef)

Lionfish
(Shallow Reef)

Lionfish
(Intermediate Reef)

Lionfish
(Deep Reef)

0.162
0.328

1.924

-

A MANOVA for δ13C and δ15N against depth, weight, and length showed significance for each
stable isotope (p < 0.001); therefore, each variable was further analyzed using linear regressions
and ANOVAs. No linear relationship was found between δ13C and length (p = 0.782; Figure 6)
or weight (p = 0.493; Figure 6); however, δ13C significantly decreased as depth increased
(ANOVA, p < 0.001; Figure 7). A Tukey’s HSD post-hoc analysis showed all three depths to be
significantly different (p < 0.05). In contrast, δ15N had a significant linear relationship with
length (p < 0.001; Figure 6) and weight (p < 0.001; Figure 6), while no significance was found
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across depth (ANOVA, p = 0.583; Figure 7). A Levene’s test confirmed homogeneity of
variance for depth against each isotope (p > 0.05), and a Shapiro-Wilks test found all data to be
normally distributed (p > 0.05). Finally, two-way ANOVAs found no interactive effects between
all variables (length, weight, and depth; p > 0.05).

Total Length (mm)

Weight (g)

Figure 6. Linear regressions found lionfish δ15N values to significantly increase with total length (mm) and weight
(g), while δ13C values did not significantly change with total length or weight.
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Figure 7. Lionfish δ13C values significantly decreased as reef depths increased, while δ15N values did not
significantly vary across depth (ANOVA). Lionfish from shallow reefs (20-25 ft) are shown in magenta,
intermediate reefs (40-50 ft) in green, and deep reefs (60-90 ft) in indigo.

Reef Fish Stable Isotope Analysis
Stable isotope analysis of δ13C and δ15N was performed on nine native fish species collected
from coral reef habitats. Due to taxonomic relatedness and isotopic similarities, two butterflyfish
species (banded and foureye butterflyfish) were combined into one group for all isotope
analyses. Overall, native reef fish had δ13C values ranging from -17.8 to -14.6‰ and δ15N values
ranging from 5.4 to 9.6‰ (Figure 8). Bluehead wrasse had the lowest δ13C values (-17.7 ±
0.1‰), while the remaining reef fish had similar δ13C values (Figure 8, Table 7). Bicolor
damselfish had the lowest δ15N values (5.9 ± 0.4‰) and cocoa damselfish, butterflyfish, and
graysby had the highest δ15N values (Figure 8, Table 7). Kruskal-Wallis H-tests were used to
assess the significance of δ13C and δ15N values between lionfish and reef fish. For δ13C, the
Kruskal-Wallis H-test was significant (p < 0.001), and a post-hoc Dunn’s test found mean δ13C
values to differ significantly between lionfish and bluehead wrasse (p < 0.05). There was also
significance found between δ15N values (p < 0.001), where a Dunn’s test showed significant
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differences between mean values of lionfish and bicolor damselfish (p < 0.001) as well as
lionfish and sharpnose pufferfish (p < 0.05).

Figure 8. Average δ13C and δ15N values (± SD) for lionfish and all reef fish species.

Trophic Position of Lionfish and Reef Fish
The average lionfish trophic position using a lionfish-specific TDF from Eddy (2019) was
3.8 ± 0.2 and remained consistent across depth, with lionfish on shallow reefs having a slightly
lower trophic position in comparison (Tables 4 and 5). Of the seven reef fish groups,
butterflyfish, graysby, and cocoa damselfish had the most similar δ13C and δ15N ranges relative
to lionfish and were therefore seen at similar trophic positions (Table 4). Due to their similarities
in trophic positions, the isotopic niche spaces of lionfish and the three reef fish were compared
using SIBER (Figure 9). Lionfish had the greatest 95% standard ellipse area, while butterflyfish,
graysby, and cocoa damselfish had similar areas in comparison (Table 3). Niche overlap was
then contrasted between lionfish and reef fish using 95% prediction ellipses; the greatest overlap
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was found between lionfish and butterflyfish, followed closely by lionfish and graysby niche
overlap (Table 3). Cocoa damselfish had the least amount of overlap with lionfish and were the
only other reef fish to overlap in niche space (Table 3). For all three reef fish, the proportion of
niche space also occupied by the lionfish niche was greater than 50%. Graysby and butterflyfish
niches had the greatest percent occupied by lionfish (94.8% and 93.8% respectively), with 56.3%
shared niche space seen for cocoa damselfish (Figure 9).

Figure 9. 95% standard ellipse area of lionfish and three reef fish at similar trophic positions found using SIBER in
R. Teal circles represent lionfish, orange squares represent graysby, purple triangles are butterflyfish, and magenta
inverse triangles are cocoa damselfish.
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Table 3. Niche metrics including 95% standard ellipse area (SEA), total ellipse area (TA), and 95% niche overlap
between reef fish and lionfish found using SIBER in R.

Lionfish (Shallow Reef)
Lionfish (Intermediate Reef)
Lionfish (Deep Reef)
Lionfish (Overall)
Butterflyfish
Cocoa Damselfish
Graysby

SEA
(‰)

TA (‰)

3.624
2.125
4.228
6.942
1.228
0.566
1.151

1.015
0.760
2.270
4.495
0.225
0.075
0.195
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Niche Overlap
with Lionfish
(‰)
1.152
0.319
1.091

% Niche
Occupied by
Lionfish Niche
93.8%
56.3%
94.8%

Table 4. Trophic positions for lionfish and reef fish using various baseline primary producers and a TDF from McCutchan et al. 2003, where sample location of
each primary producer is denoted as: M – mangrove, S – seagrass, and R – reef.

BMA-M

BMA-R

BMA-S

POM-M

SOM-M

SOM-R

SOM-S

Algae-R

Coralline
Algae-R

POM-R

Seagrass
Blades

Epiphytes-S

Mangrove
Leaves

Average
TP

Lionfish (Overall)

4.7

3.9

4.4

4.4

4.5

4.0

4.3

4.2

4.3

3.6

4.7

4.2

4.1

4.2

Bicolor Damselfish

3.3

2.5

3.0

3.0

3.1

2.6

2.9

2.8

2.9

2.2

3.3

2.8

2.7

2.8

Blackear Wrasse

3.9

3.1

3.6

3.7

3.7

3.3

3.6

3.5

3.5

2.9

3.9

3.4

3.3

3.5

Bluehead Wrasse

3.8

3.0

3.4

3.5

3.6

3.1

3.4

3.3

3.3

2.7

3.7

3.3

3.1

3.3

Cocoa Damselfish

4.3

3.5

4.0

4.1

4.1

3.7

4.0

3.9

3.9

3.3

4.3

3.8

3.7

3.9

Graysby

4.6

3.8

4.3

4.3

4.4

3.9

4.2

4.2

4.2

3.5

4.6

4.1

4.0

4.2

Sharpnose Pufferfish

3.5

2.7

3.1

3.2

3.3

2.8

3.1

3.0

3.1

2.4

3.5

3.0

2.9

3.0

Butterflyfish

4.5

3.8

4.2

4.3

4.3

3.9

4.2

4.1

4.1

3.5

4.5

4.0

3.9

4.1

Table 5. Trophic positions for lionfish using various baseline primary producers and a lionfish-specific TDF from Eddy 2019, where sample location of each
primary producer is denoted as: M – mangrove, S – seagrass, and R – reef.
BMA-M

BMA-R

BMA-S

POM-M

SOM-M

SOM-R

SOM-S

Algae-R

Coralline
Algae-R

POM-R

Seagrass
Blades

Epiphytes-S

Mangrove
Leaves

Average
TP

Lionfish (Overall)

4.1

3.5

3.9

3.9

4.0

3.6

3.8

3.8

3.8

3.2

4.1

3.7

3.6

3.8

Lionfish (Shallow Reefs)

4.1

3.4

3.8

3.9

4.0

3.5

3.8

3.7

3.8

3.2

4.1

3.7

3.6

3.7

Lionfish (Intermediate Reefs)

4.2

3.5

3.9

3.9

4.0

3.6

3.9

3.8

3.8

3.3

4.2

3.7

3.6

3.8

Lionfish (Deep Reefs)

4.1

3.5

3.9

3.9

4.0

3.6

3.8

3.7

3.8

3.2

4.1

3.7

3.6

3.8
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Community Stable Isotope Analysis
The rest of the food web community was analyzed for δ13C and δ15N, including five primary
consumers and eight primary producers from coral reef, mangrove, and seagrass bed habitats. In
order to accurately report δ13C values, BMA, SOM, and POM were corrected for inorganic
carbon. A significant linear relationship (p < 0.05) with high variance explained was found
between Δδ13C and C:N ratio for BMA, SOM, and mangrove POM, which indicated that δ13C
values had been effectively normalized (Figure 10, Table 6).

Figure 10. Linear regressions were significant for POM, SOM, and BMA, and therefore used to correct for excess
inorganic carbon due to incomplete acidification.

Table 6. Normalization equations for POM, SOM, and BMA.

Linear Regression Equations

Significance
(P values)

Variance
Explained
(R2)

POM (n = 5)

Δδ13C = ((-2.8566 x C:Nuntreated) - 10.788) + δ13Cuntreated

< 0.05

0.849

SOM (n = 7)

Δδ13C = ((-0.0234 x C:Nuntreated) - 9.2152) + δ13Cuntreated

< 0.05

0.628

BMA (n = 8)

Δδ C = ((-0.1756 x C:Nuntreated) - 7.8355) + δ Cuntreated

< 0.05

0.837

13

13
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Reef consumers had the widest range of δ13C values (-21.7 to -13.4‰) followed by mangrove (15.3 to -9.6‰) and seagrass consumers (-17.0 to -12.0‰; Figure 11, Table 7). Of these
consumers, the lowest average δ13C value was seen in reef sponges (-20.3 ± 1.4‰) and the
highest seen in mangrove sea urchins (-12.7 ± 2.3‰; Figure 11, Table 7). The greatest δ15N
range was found in seagrass consumers (1.5 to 8.7‰), with consumers in reef (1.7 to 6.4‰) and
mangrove (3.4 to 6.1‰) habitats having similar ranges (Figure 11, Table 7). The δ13C range of
mangrove producers (-30.3 to -14.4‰) exhibited the lowest δ13C values, with mangrove leaves
having the lowest mean δ13C values (-27.9 ± 1.4‰; Figures 11 and 12, Table 7). Reef and
seagrass producers had similar δ13C ranges; -18.6 to -1.0‰ and -15.0 to -4.1‰, respectively
(Figures 11 and 12, Table 7). There was extensive overlap in primary producer δ15N ranges
between all three habitats, with the greatest range seen in mangrove producers (-0.2 to 5.1‰),
trailed closely by seagrass (-0.7 to 2.3‰) and coral reef producers (1.3 to 3.5‰; Figures 11 and
12, Table 7). Although mangrove producers had the largest δ15N range, all reef producers besides
algal species had greater δ15N values than any other producer (Figures 11 and 12, Table 7). The
lowest δ15N values were seen in mangrove BMA (0.7 ± 0.2‰) and seagrass blades (0.7 ± 1.2‰;
Figures 11 and 12, Table 7).
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Mangrove
Reef
Seagrass

Figure 11. Average δ13C and δ15N values (± SD) for all organisms collected, where each species has its respective
color and shape represents the habitat type.

Mangrove
Reef
Seagrass

Figure 12. Average δ13C and δ15N values (± SD) for all primary producers collected, where each producer has its
respective color and shape represents the habitat type.
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Table 7. Average δ13C and δ15N values (± SD) for all organisms collected.

Sample ID
Primary Producers
Algae
BMA
SOM
POM
Coralline Algae
Epiphytes
BMA
SOM
Seagrass Blades
BMA
SOM
POM
Mangrove Leaves
Primary Consumers
Arrow Crab
Hermit Crab
Sponges
Hermit Crab
Mussel
Sponges
Sea Urchin
Mussel
Sea Urchin
Reef Fish
Bicolor Damselfish
Blackear Wrasse
Bluehead Wrasse
Butterflyfish
Cocoa Damselfish
Graysby
Sharpnose Pufferfish
Lionfish
Overall
Shallow
Intermediate
Deep

δ13C (‰)

Location

δ15N (‰) Sample Size

40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
Seagrass Beds
Seagrass Beds
Seagrass Beds
Seagrass Beds
Mangrove
Mangrove
Mangrove
Mangrove

-6.1 ± 4.4
-15.4 ± 0.3
-14.4 ± 0.2
-15.9 ± 1.7
-14.2 ± 0.8
-5.2 ± 0.9
-14.9 ± 0.2
-14.4 ± 0.2
-10.7 ± 0.6
-15.7 ± 0.4
-14.8 ± 0.5
-20.0 ± 0.4
-27.9 ± 1.4

1.8 ± 0.3
2.5 ± 0.2
2.2 ± 0.2
3.1 ± 0.3
1.6 ± 0.2
1.8 ± 0.3
1.4 ± 0.3
1.5 ± 1.0
0.7 ± 1.1
0.7 ± 0.2
1.1 ± 0.4
1.3 ± 0.4
2.1 ± 1.5

10
3
3
5
3
5
3
2
5
2
2
5
15

40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
Seagrass Beds
Seagrass Beds
Seagrass Beds
Seagrass Beds
Mangrove
Mangrove

-16.8 ± 0.6
-14.6 ± 0.8
-20.3 ± 1.4
-15.0 ± 0.1
-16.5 ± 0.4
-16.7 ± 0.2
-12.3 ± 0.3
-14.4 ± 0.3
-12.7 ± 2.3

2.9 ± 1.0
5.4 ± 0.7
3.9 ± 0.8
3.8 ± 1.1
5.2 ± 0.3
3.5 ± 1.8
8.3 ± 0.4
3.6 ± 0.2
5.3 ± 0.6

3
5
6
2
4
3
5
6
5

40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef
40-50 ft Coral Reef

-15.5 ± 0.4
-15.8 ± 0.4
-17.7 ± 0.1
-15.0 ± 0.2
-15.7 ± 0.2
-15.2 ± 0.1
-16.0 ± 0.3

5.9 ± 0.4
7.4 ± 0.1
7.0 ± 0.0
8.8 ± 0.3
8.3 ± 0.2
9.0 ± 0.3
6.4 ± 0.06

6
2
3
6
5
6
3

20-90 ft Coral Reefs
20-25 ft Coral Reefs
40-50 ft Coral Reefs
60-90 ft Coral Reefs

-14.5 ± 1.0
-12.9 ± 0.5
-14.7 ± 0.6
-15.1 ± 0.6

9.1 ± 0.4
9.1 ± 0.4
9.2 ± 0.4
9.1 ± 0.4

48
10
17
21

29

Bayesian Mixing Models
Mixing polygons were created for lionfish, butterflyfish, graysby, and cocoa damselfish
respectively using a Monte Carlo simulation to validate each source and TDF being used; one
lionfish fell outside the mixing region and was therefore excluded from analyses. A Bayesian
mixing model was then used to find the proportional contribution of four sources to lionfish
primary energy pathways with depth as a factor. The largest contributor among all depth classes
was reef POM, with minimal contributions seen from coralline algae, seagrass blades, and
macroalgae. Lionfish on deep reefs had the greatest proportion of their energy pathway from reef
POM (95.7 ± 2.3%), with intermediate reefs (94.8 ± 2.8%) and shallow reefs (89.7 ± 3.7%) close
behind (Figure 13). Coralline algae had the greatest influence on lionfish from shallow reefs (4.1
± 3.6%), with similar trends seen for intermediate (3.4 ± 3.1%), and deep reefs (2.9 ± 2.4%).
Other contributions greater than 1% were seen from macroalgae on shallow (4.8 ± 2.1%) and
intermediate (1.2 ± 0.9%) reefs, along with seagrass blades on shallow reefs (1.4 ± 1.6%; Figure
13).

Figure 13. Bayesian mixing model output showing the proportional contribution of each source to lionfish energy
pathways on shallow, intermediate, and deep reefs. Note the middle 50% is removed from the y-axis.
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In order to further assess resource overlap between lionfish and the three reef fish with
similar niche spaces, Bayesian mixing models were used to investigate the percent contribution
of each source to reef fish energy pathways and compare to overall lionfish source contributions.
Similar to lionfish, reef POM was the greatest contributor to the energy pathways of each reef
fish species (butterflyfish, 95.8 ± 2.9%; cocoa damselfish, 84.6 ± 24.3%; graysby, 94.6 ± 5.4%;
Figure 14). Cocoa damselfish had the greatest variety in their energy pathways, as they were
substantially influenced by coralline algae (10.8 ± 18.5%), with other contributions seen from
macroalgae (2.7 ± 6.3%) and seagrass blades (1.9 ± 4.9%; Figure 14). Coralline algae also
contributed to graysby (4.3 ± 5.1%) and butterflyfish (2.9 ± 2.6%) energy pathways (Figure 14).
The remaining sources contributed less than 1% to the primary energy pathways of butterflyfish
and graysby.

Figure 14. Bayesian mixing model output showing the proportional contribution of each source to graysby,
butterflyfish, and cocoa damselfish energy pathways. Note the middle 50% is removed from the y-axis.
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Discussion
This study used a combination of stomach content and stable isotope analyses to describe
the primary energy pathway of lionfish across ontogeny and evaluate shared resource use with
native fish species. Previous studies indicate lionfish will shift from a crustacean-based diet to a
teleost-based diet with age, while the current study revealed few crustacean species in lionfish
diets regardless of age or reef depth (Morris and Akins 2009, Muñoz et al. 2011, Dahl and
Patterson 2014, Peake et al. 2018). Teleosts were consistently the largest contributor at each
depth, but due to the proportion of unidentified fish prey at all depths, any diet shifts between
teleost species were not discernible. For example, Gobiidae fish occurred more frequently in
shallow reef lionfish diets relative to other reef habitats. This may be explained by Gobiidae
abundance being greater at shallow reefs; however, Gobiidae importance to lionfish diets at
intermediate and deep reef habitats may be underreported due to the occurrence of unidentified
teleosts. Although ontogenetic diets shifts between reef depths were not reported in this study,
these findings may be limited by the small sample size of stomachs and the restricted size range
of lionfish used. However, an alternative explanation is lionfish are feeding based on resource
availability regardless of age, resulting in no diet shifts across ontogeny (Peake et al. 2018,
Malpica-Cruz et al. 2019). In other words, lionfish are feeding opportunistically on teleosts
regardless of lionfish size due to the greater abundance of this prey resource (Morris and Akins
2009).
Staple isotope analysis provided further insight into lionfish dietary breadth, ontogeny, and
resource use in the Florida Keys ecosystem. Lionfish were found to have a wide isotopic niche
space, which aligns with their generalist feeding behavior characterized in previous diet studies
(Morris and Akins 2009, Muñoz et al. 2011, Layman and Allgeier 2012, Peake et al. 2018).
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When compared between three depth classes, lionfish niche width was found to vary in terms of
ellipse area between all depths, with little overlap between shallow and deeper reef habitats. The
greatest ellipse area was noted in lionfish from deep reefs, thus suggesting that within these
ranges, lionfish utilize a wider range of basal carbon sources. This could be attributed to lionfish
feeding on an expanded guild of prey items, or individual lionfish on deeper reefs demonstrating
specialized feeding depending on the local abundance of prey items as observed in previous
studies (Muñoz et al. 2011, Layman and Allgeier 2012, O’Farrell et al. 2014). A study by Eddy
et al. (2020) also found lionfish niche width to vary by depth; however, they found δ13C values
were not significantly correlated with depth. The current findings indicate that δ13C values
significantly decreased with increasing depth, while length and weight did not vary in respect to
δ13C; this refutes the first hypothesis in which carbon sources were expected to vary with lionfish
length, thus resulting in an alteration in primary energy pathways as lionfish age. A similar study
in the Bahamas had comparable findings, where δ13C values did not change with increasing
lionfish size (Malpica-Cruz et al. 2019). This discovery suggests habitat had a greater impact on
δ13C isotopic variability, while lionfish growth metrics indicate they may not be demonstrating
ontogenetic migrations between the sampled reef depths (Cocheret de la Morinière et al. 2003,
Malpica-Cruz et al. 2019). An explanation for δ13C values decreasing with depth could be
influenced by pelagic and planktonic sources and increased heterotrophic feeding commonly
seen as depth increases (Muscatine et al. 1989, Radice et al. 2018, Eddy et al 2020).
Additionally, variation in light intensity between reef depths could influence δ13C values as
shallow environments have been found to have more enriched carbon values in the Florida Keys
due to reduced levels of photosynthesis seen at greater depths (Muscatine et al. 1989, Grice et al.
1996, Anderson and Fourqurean 2003).
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Conversely to δ13C, δ15N values increased significantly with lionfish length and weight but
were not impacted by depth. This expected increase in δ15N with length supports the hypothesis
that larger lionfish feed at higher trophic levels than smaller lionfish, which aligns with previous
lionfish isotope studies (Dahl and Patterson 2014, Curtis et al. 2017). These findings also
indicate lionfish are feeding across different trophic levels within each depth class, as δ15N is a
relative proxy of trophic position (Post 2002, Layman and Allgeier 2012). Since the proportion
of crustaceans and teleosts to lionfish diets did not change with lionfish size, the significant
increase in δ15N with total length could be due to larger lionfish feeding on larger teleosts
occupying higher trophic levels (Cocheret de la Morinière et al. 2003). The combination of δ13C
values remaining constant despite lionfish size and δ15N values not significantly changing with
depth both refute the idea that lionfish display ontogenetic migrations to deeper reefs (Cocheret
de la Morinière et al. 2003, Pimiento et al. 2013, Malpica-Cruz et al. 2019). This idea contrasts
previous lionfish studies that found a shift in lionfish size with depth but is supported by prior
habitat use work in San Salvador, Bahamas (Barbour et al. 2010, Claydon et al. 2012, Pimiento
et al. 2013, Andradi-Brown et al. 2017). The absence of ontogenetic migrations between reef
sites may be explained by their close proximity to one another (< 12 km) with similar distances
from the shore seen (shallow reef, 5.3 km; intermediate reef, 11.7 km; deep reef, 14.7 km).
Additionally, there was great similarity in the trophic composition of each location due to the
high degree of connectivity seen between adjacent coral reef habitats (Hatcher 1997).
Despite the lack of support for ontogenetic migrations, the wide isotopic niche breadth seen
in lionfish may have other implications for reef fish at similar trophic positions. When
comparing the isotopic niche space of lionfish and native reef fish, findings show a large degree
of overlap in δ13C and δ15N values, thus indicating these species occupy similar trophic positions
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and exploit similar resources (Post 2002, McCutchan et al. 2003). A multi-species average TDF
found the trophic positions of lionfish, graysby, cocoa damselfish, and butterflyfish to be 3.6,
3.5, 3.3, and 3.5, respectively when using reef POM as the baseline. Comparable to previous
work concerning the potential competitive effects of lionfish, there was a high level of overlap
between lionfish and native mesopredators (i.e., graysby; Curtis et al. 2017, Eddy et al. 2020,
Murillo-Pérez et al. 2021). The extent of overlap with graysby was greater than previously
documented in a similar study conducted by Curtis et al. (2017), and both species had great
similarities in δ13C and δ15N values. There was also a high degree of overlap with native
invertivores (i.e., butterflyfish) and algivores (i.e., cocoa damselfish), which was surprising as
lionfish are often thought to solely compete with mesopredators (Gronell 1980, Bohnsack et al.
1999, Steneck 2002, Albins and Hixon 2013, Eddy et al. 2020). These results support the
hypothesis presuming lionfish would exhibit isotopic overlap with native predators. Although
lionfish were found to overlap extensively in terms of δ13C and δ15N and feed at similar trophic
positions, interspecific competition cannot be concluded as there is no proof of limiting resources
or negative effects documented on either reef fish species.
The trophic position of lionfish has not been previously described in this area, making these
findings highly applicable to future trophic studies in the Florida Keys. When using the best-fit
TDF from McCutchan et al. (2003) in combination with the greatest source contributor, reef
POM, lionfish were found at a trophic position of 3.6. Using the lionfish-specific TDF from
Eddy (2019), a trophic position of 3.2 was reported. An additional study of lionfish trophic
positions in Bermuda had findings within this range; Eddy et al. (2020) found lionfish to reside
at trophic positions of 3.4 and 3.2 when using their lionfish-specific TDF and a multi-species
average TDF, respectively (Post 2002, Eddy et al. 2020). These findings are also similar to those
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characterized by Hornbeck (2017) in Broward County, Florida, where lionfish trophic positions
were 3.5, 3.8, 2.6, and 3.4 depending on the primary producer used as the δ15N baseline
(Hornbeck 2017). Within the current study, lionfish trophic position ranged from to 3.6 to 4.7
when using various primary producers as the δ15N baseline and a multi-species average TDF,
which demonstrates the importance of describing the lionfish primary energy pathway in the
Florida Keys to better understand the most prominent source when characterizing the local food
web.
Bayesian mixing models have historically been used as a way to uncover the proportional
contribution of different sources to an organisms’ energy pathway (Moore and Semmens 2008).
A variety of primary producers in the Florida Keys were characterized spanning a wide range of
δ13C values (-30.3 to -1.0‰) to identify the source from which lionfish obtain basal carbon. Of
the four final sources included in the mixing model, reef POM was found to be the greatest
contributor to the lionfish energy pathway at all three reef depths with little contribution seen
from coralline algae, seagrass blades, and macroalgae. This finding was unsurprising, as
particulate organic matter often plays a great role in reef ecosystems, generally through filter
feeders and/or zooplankton ingesting POM followed by accumulation up the food web (Zhang et
al. 2021). When using their lionfish-specific TDF, Eddy et al. (2020) also found that lionfish
resources were mainly derived from the phytoplankton food web. Based on these results, lionfish
do not appear to utilize seagrass habitats in their carbon energy pathway, which is inconsistent
with previous studies that have supported ontogenetic migrations between seagrass and reef
habitats (Barbour et al. 2010, Claydon et al. 2012, Andradi-Brown et al. 2017). This refutes the
second hypothesis that assumed lionfish would exhibit ontogenetic reef recruitment, leading to a
shift in their primary energy pathways across depth. However, the absence of ontogenetic
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migrations by lionfish was previously suggested in a survey by Pimiento et al. (2013) in the
Bahamas. Much like the current study, Pimiento et al. (2013) suggested lionfish did not migrate
between previously designated nursery habitats (i.e., mangrove systems and seagrass beds) to
reef habitats with age, and instead, demonstrated site fidelity (Barbour et al. 2010, Barbour et al.
2011, Pimiento et al. 2013). Since the lionfish primary energy pathway did not change with
depth, it was concluded that lionfish in the Florida Keys reef ecosystem are not demonstrating
ontogenetic migrations between coral reef depths of 20 - 90 ft.
Finally, Bayesian mixing models were used to see if lionfish utilized basal carbon from
similar sources as reef fish with shared niche space. Reef POM was overwhelmingly the top
basal resource for graysby, butterflyfish, and cocoa damselfish, while coralline algae played a
greater role in cocoa damselfish energy pathways. Damselfish are widely characterized as
algivores and herbivores and often cultivate algal gardens; therefore, the presence of coralline
algae in their energy pathway aligns well with damselfish life history (Gronell 1980, Steneck
2002). The high degree of overlap in source contribution to each respective energy pathway was
not unexpected, as all reef fish species occupied the same isotopic niche space as lionfish. When
evaluating overall niche metrics, lionfish and the aforementioned reef fish showed commonality
in basal carbon sources and δ15N values, resulting in a high degree of isotopic niche overlap. As
previously mentioned, this cannot be deemed interspecific resource competition without further
evidence to examine competition and its mechanisms directly; however, the degree of shared
resource use strengthens the idea that predation is not the sole mechanism in which lionfish
impact native species (Albins and Hixon 2013, Eddy et al. 2020, Murillo-Pérez et al. 2021).
Since butterflyfish and cocoa damselfish occupy different functional groups than lionfish, it is
unlikely that lionfish are competing for the same prey resources and are therefore less likely to

37

impact these reef fish species relative to graysby or other mesopredators (Gronell 1980,
Bohnsack et al. 1999, Steneck 2002, Albins and Hixon 2013, Eddy et al. 2020). Additionally,
juvenile grouper species were frequently seen occupying the same habitats as lionfish,
corroborating the idea that lionfish could be competing with native mesopredators (per
observation in this study). These findings demonstrate how lionfish fit into the Florida Keys reef
ecosystems and going forward their population should be monitored to assess potential
competitive effects. Lionfish have a multitude of life history characteristics that have promoted
their spread, and these same traits may provide a competitive advantage if they are found to
deplete a shared resource (Albins and Hixon 2008, Albins and Hixon 2013, Côté et al. 2013a).
Additionally, if lionfish are found to compete with a commercially important fish species or a
species that is essential in regulating coral reef health (i.e., parrotfishes), the aftereffects could
become detrimental (Mumby et al. 2006, Albins and Hixon 2013).
One caveat to the use of Bayesian mixing models as a way to describe the proportional
contribution of different sources to consumer energy pathways is that the TDFs incorporated into
each model were not species or location-specific. Information on lionfish and native reef fish
trophic positions and tissue turnover rates remain lacking in the Florida Keys, limiting the ability
to correct the TDFs used and thereby increasing the ambiguity of where consumer values fall
within the source values (Phillips et al. 2014). Since TDF values have been shown to vary with
diet, location, taxonomy, and age, there is uncertainty in the proportional estimates of each
mixing model (Caut et al. 2008, Phillips et al. 2014). Although reef POM was the greatest
contributor to lionfish carbon energy pathways regardless of size and depth, lionfish utilizing
seagrass habitats cannot be ruled out due to the close proximity of seagrass beds to reef habitats
surrounding Summerland Key and potential overlap of POM values. Additionally, the lack of
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support for ontogenetic migrations seen in isotopic values and energy pathways may be biased
by a small sample size and the overall size range of lionfish collected due to sampling
limitations. Conversely, reef fish may show a greater overlap in δ13C values with lionfish than
depicted as all reef fish were collected at intermediate reef depths and δ13C values were found to
significantly change between lionfish at varying reef depths.
Overall, this study demonstrated the integration of lionfish in Florida Keys marine
ecosystems and redefines the contribution of lionfish to the food web on Florida Keys reefs. The
use of stomach content and stable isotope analyses provided insight on the habitats lionfish are
using in the Florida Keys as well as the resources they exploit throughout their life cycle and
across shallow water habitats. By describing lionfish trophic positions in relation to various
carbon sources and the trophic position of native reef fish species, this study provides an updated
view on lionfish interactions in their invaded environment. Lionfish do not appear to demonstrate
ontogenetic migrations between shallow Florida Keys reefs; however, future work using stable
isotope analysis should be done including lionfish on mesophotic reefs to identify any
ontogenetic shifts to deeper habitats, as lionfish have been increasingly documented at these
depths (Lesser and Slattery 2011, Andradi-Brown et al. 2017). The additional knowledge gained
from this study on lionfish habitat use and population dynamics illuminates their role in shallow
water ecosystems, while the lack of ontogenetic shifts displayed provides new insight on basal
carbon transfer in the lionfish food web. Further, comparing the lionfish energy pathway and
degree of resource overlap across habitats exemplifies a high degree of variability, introducing
the need to regionally assess these metrics in order to fully understand the role of lionfish in each
local food web.
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